The leucine zipper structure is adopted by one family of the coiled coil proteins. Leucine zippers have a characteristic leucine repeat: Leu-X^Leu-X^-Leu-X^-Leu (where X may be any residue). However, many sequences have the leucine repeat, but do not adopt the leucine zipper structure (we shall refer to these as non-zippers). We have found and analyzed residue pair patterns that allow one to identify correctly 90% of leucine zippers and 97% of non-zippers. Simpler analyses, based on the frequency of occurrence of residues at certain positions, specify, at most, 65% of zippers and 80-90% of non-zippers. Both short and long patterns contribute to the successful discrimination of leucine zippers from non-zippers. A number of these patterns involve hydrophobic residues that would be placed on the solvent-exposed surface of the helix, were the sequence to adopt a leucine zipper structure. Thus, an analysis of protein sequences has allowed us to improve discrimination between leucine zippers and non-zippers, and has provided some further insight into the physical factors influencing the leucine zipper structure.
Introduction
Coiled coils (Crick, 1953; Cohen and Parry, 1990) are relatively simple protein structures comprising two, three or four parallel a-helices coiled around each other and, as such, they represent an important test case for understanding the relationship between protein sequence and structure. The helices have 3.5 residues per turn, instead of the usual 3.6, owing to a lefthanded super-twist. In addition, they are strongly amphipathic, with a clear pattern of hydrophilic and hydrophobic residues in a heptad (McLachlan and Stewart, 1975; Lupas et al, 1991) of the form (a-b-c-d-e-f-g) n . The amphipathicity and regularity of the helices are reflected in the frequency of occurrence of different amino acids at different positions in the heptad (Parry, 1982; Lupas et al, 1991) . For example, positions a and d often contain hydrophobic residues. Interest in coiled coils has been reignited with the determination of the structure of the GCN4 leucine zipper, a two-stranded, parallel coiled coil, by X-ray crystallography (O'Shea et al, 1991) and a number of detailed structural analyses (Cohen and Parry, 1994) . The biological importance of leucine zippers arises from their control of the dimerization of some families of transcription factors (Perutz, 1992) .
The folding and stability of leucine zippers have been studied extensively by experiment and by computer simulation. Mutagenesis studies have investigated the roles of residues at positions e and g in the heptad (Hu et al., 1993) , the effects of valine and isoleucine at positions a and d (Zhu et al., 1992; Harbury et al., 1993) and the importance of electrostatic repulsions (Kohn et al, 1995) . The coiled coil geometry of the GCN4 leucine zipper was predicted by model building using simulated annealing (Nilges and Brunger, 1993) . The structure and folding pathway of model coiled coils (Rey and Skolnick, 1993) and the GCN4 leucine zipper (Vieth et al, 1994) have been studied using Monte Carlo simulations. Lupas et al. (1991) developed a method for identifying coiled coils based on the frequency of occurrence of residues in the coiled coil structures of tropomyosins, keratins and myosins. This method recognizes the GCN4 leucine zipper, but performs poorly in general on leucine zippers (as discussed below). A recent improvement, proposed while this manuscript was in the final stages of preparation, has been developed by Berger et al. (1995) . They analyzed short-range pairwise occurrences of amino acids in tropomyosins, intermediate filaments and myosins, and these occurrences were used as a basis for predicting coiled coils. The method performs better than that of Lupas et al. (1991) , but still does not discriminate well between leucine zippers and false positives.
Aside from sequence patterns corresponding to the coiled coil structure, the sequences of several coiled coil families contain other distinctive sequence motifs that permit accurate identification of all known members of the family, with no other proteins falsely identified. These families (and their motifs in parentheses) include the intermediate filaments ([TV] 
The motifs are represented by the single-letter amino acid code; the notation [XYZ] means either X, Y or Z is permitted; x means any residue is permitted. These sequence motifs are reported in the PROSITE database (Bairoch, 1990) . Unlike other families of coiled coils, which have very distinctive sequence signatures, the characteristic sequence motif of leucine zippers does not permit such a clean classification.
As many of the other coiled coil families have highly distinctive sequence signatures, we focus on the more subtle problem of distinguishing leucine zippers. In a general scheme for predicting coiled coils (Figure 1) , our method tackles a difficult sub-set of sequences. A pre-filter is applied to identify any sequences possessing the sequence motifs described in the previous paragraph. Thus, coiled coils that are not leucine zippers are excluded from the analysis. We then focus on those sequences with the leucine repeat. The leucine repeat, Leu-X 6 -Leu-X 6 -Leu-X 6 -Leu (where X may be any residue), occurs in all leucine zippers in the SWISS-PROT database (Bairoch and Boeckmann, 1991), but also in sequences that are not leucine zippers. These two sets of proteins form the basis for our study; the sets will be referred to herewith as zippers and non-zippers, respectively. The presence of the leucine repeat is to be taken as implicit in the classification 'non-zipper'; we do not consider sequences that do not have the leucine repeat, which are trivially not zippers.
Methods
The data used in our study were derived as follows. Possible zippers were identified by scanning the SWISS-PROT sequence database (Bairoch and Boeckmann, 1991) for the pattern X 4 -(Leu-X 6 )4-X4 (where X is any residue). This procedure identified 874 sequences: 125 that were leucine zippers and 749 that were not leucine zippers. The simple pattern X,-(Leu-X 6 ) 4 -X 4 overestimates the problem of false positives, but it is used here to provide the initial database. The problem of false positives is better assessed by comparison with other current methods for recognizing coiled coils. The classification of zippers and non-zippers was based on reference to the literature and on several specific criteria:
• the presence of the leucine repeat;
• evidence that the sequence was a coiled coil;
• evidence that the sequence forms dimers (or higher oligomers); • evidence of DNA/RNA-binding ability (except for the kinases).
Sequences from the random zipper library (Pu and Struhl, 1993) were also included in the set of zippers. We reiterate that in our study both zippers and non-zippers have the leucine repeat
The 874 sequences were aligned using the method of Lupas et al. (1991) , which was developed to recognize coiled coil sequences. This method is based on the frequency of occurrence of different residues at different positions in the heptad. The 28 residue segment that gave the highest Lupas score was aligned to the template (a-f>-c-d-e-f-g) 4 . The leucines usually appear at position d and occasionally at position a.
Although the primary purpose of applying the Lupas algorithm was to obtain an alignment, the predictive ability of the method of Lupas was also assessed. It correctly identified 82% of the zippers and 64% of the non-zippers. This performance is relatively low, partly because the method is broader in scope, covering not just zippers but all coiled coils, and partly because correlations between positions in the heptad are not explicitly considered. A modified version of the Lupas method, called COILS2, weights the core positions a and d by a factor of 2.5. This version discriminates more poorly between zippers and non-zippers, because both classes have conserved leucine residues at core positions. The recent method of Berger et al. (1995) , developed on a database of coiled coils similar to that of Lupas et al. (1991) , recognizes 49% of zippers and 80% of non-zippers.
Discrimination between zippers and non-zippers on the basis of low-level homology alone is also not possible. For any given zipper, the probability that the most similar segment in the database, as defined using the Dayhoff matrix (Dayhoff, 1978) , is a zipper is 0.66; for any given non-zipper, the probability that the most similar segment is a non-zipper is 0.87. This homology-based approach correctly classifies 66% of the zippers and 87% of the non-zippers.
For our analysis, we reduced the bias due to homology within each set of data. If two segments with 50% or greater sequence identity occurred in the set of zippers, one of the segments was removed; the same was done for the non-zippers. The method that we develop below for discriminating between zippers and non-zippers is relatively insensitive to the precise level of sequence identity in the data. The reduced data comprised 28-residue segments from 61 zippers (see Table I ) and 525 non-zippers. In the reduction procedure, similarity between zippers and non-zippers was not considered, i.e. a zipper with greater than 50% sequence identity with an non-zipper would have been retained in our data set. The performance of the homology-based discrimination procedure described in the previous paragraph changes, when the reduced data is examined, to 38% for zippers and 90% for non-zippers.
Results
Our method for discriminating between zippers and nonzippers is based on the analysis of 'disfavored' patterns, patterns of two residues that occur commonly in the nonzippers, but rarely in the zipper sequences. We have named the method TRESPASSER: Two RESidue Pattern Analysis for Sequence-StructurE Relationships (TRESPASSER is available by anonymous ftp to ftp.scripps.edu in the directory /pub/ jhirst/TRESPASSER; instructions are given in the ReadMe file there). The discriminative power of TRESPASSER is illustrated in Figure 2 ; the details of the method are given in the caption. The accuracy on one of the classes (zippers or non-zippers) can be chosen arbitrarily by selection of the appropriate cutoff for the TRESPASSER score: a cutoff of 44 correctly identifies 90% of non-zippers and 97% of zippers; a cutoff of 36 correctly identifies 95% of non-zippers and 90% of zippers. These predictive accuracies were assessed by a leave-one-out jack-knifing procedure. The leave-one-out procedure is a well accepted statistical technique for assessing the accuracy of a predictive method when the amount of data is limited. Nevertheless, we note that the performance of TRESPASSER degrades as more than one zipper is excluded from the analysis. This degradation is to be expected and is gradual (data not shown).
The mean number of disfavored patterns in a zipper segment is 8.3, with a standard deviation of 5.6. For non-zippers, the mean number of disfavored patterns is 37.4, with a standard deviation 12.6. Assuming that each disfavored pattern is equally probable and assuming that the number of disfavored Predicting leudne zipper structures from sequence Table I . Zippers with less than 50% sequence identity used in this study; sequences from the random zipper library (Pu and Struhl, 1993) Kumar et ai, 1989 Emst and Duhl, 1989 Mitchell and Both, 1990 Hiles et ai, 1992 Cafferkey et ai, 1993 Schu et ai, 1993 Holzman et ai, 1994 Mukai and Yoshikata, 1994 patterns in a sequence approximates a binomial distribution, the probability that a zipper contains a particular disfavored pattern is estimated to be 0.011. Similarly, the probability that a non-zipper contains a particular disfavored pattern is estimated to be 0.047. The difference between these two probabilities is significant at the 1% level, and, thus, zippers contain significantly less disfavored patterns than non-zippers, as was expected by design. With the caution that some of the disfavored patterns occur by chance, we have analysed the disfavored patterns to see if they reflect any underlying physical meaning. We consider the 292 disfavored patterns that never occur in the zippers. The most dominant feature is the presence of proline in 109 of the 292 patterns. This is readily understood in terms of the helix-breaking nature of proline, and is reflected in the rare occurrence of proline, seen by the more direct analysis of Lupas et al. (1991) . In our subsequent analysis, we focus on just those patterns that do not include a proline.
The analysis developed here makes no assumption about whether the zipper is a homo-or heterodimer. While interhelix interactions are important, in the absence of information about the nature of dimerization, our interpretation can only focus on interactions within a monomer. In Figure 3 , the distribution of the size of the gap in the disfavored patterns is plotted, i.e. the number of times a pattern of the form of A-X n -B occurs in the non-zippers is plotted against n. The plot shows noticeable peaks at n = 2, 4, 11 and 13; there is also a large dip at n = 3. In Table II we list the disfavored patterns corresponding to these peaks. The values n = 2 and 3 correspond to the nearest neighbor positions on the helical wheel (see inset in Figure 2 ). However, they do not correspond to the same interactions. The interactions corresponding to n = 2 are ad, be, cf, dg, ea', fb' and gc' (where the prime refers to a position in the subsequent heptad); the interactions corresponding to n = 3 are ae, bf, eg, da', eb',fc' and gd'. The ae interaction is not the same as the ea' interaction. Examination of the X-ray crystal structure of GCN4 leucine zipper shows that the first set of positions (n = 2) is consistently 1 A or more closer than the second set (n = 3). The difference in the distance of interaction may in part contribute to the lesser importance of the n = 3 patterns compared with n = 2 patterns, but the small number of n = 3 patterns is still curious. Most of the n = 2 patterns would place hydrophobic residues on the outer face of the helix were they to occur in zippers, 20 40 TRESPASSER score 60 Fig. 2 . The discrimination between zippers and non-zippers achieved by TRESPASSER. The fraction of zippers correctly predicted and the fraction of nonzippers incorrectly predicted are shown as a function of the score generated by TRESPASSER. The dashed lines indicate the predictive accuracy for zippers given 5% and 10% false positives. Each set of sequences, the zippers and non-zippers, were scanned for two residue patterns of the form A-X n -B, where X refers to an amino acid; A and B are any of the 20 commonly occurring amino acids, and n takes all integer values from 0 to 26 inclusive. Scanning for patterns was done using a UNIX shell script. A pattern was defined to be 'disfavored' if it occurred more than 17 times in the set of non-zippers and once or not all in the set of zippers. A total of 789 disfavored patterns were found; 292 never occurred in the zipper data set and 497 occurred only once. The most significant of these patterns are shown in Table II ; all of the patterns are available by anonymous ftp to ftp.scripps.edu in the file /pub/jhirst/TRESPASSER/ disfavored_pattems. The method is based on disfavored patterns rather than favored' patterns because of the larger number of non-zippers. The TRESPASSER score is the number of times that a disfavored pattern occurs in a 28-residue segment. The cutoff of 17 occurrences was chosen to minimize the number of patterns, whilst maintaining accurate discrimination. The significance of the disfavored patterns found by TRESPASSER was evaluated by repeating the analysis using a randomly mixed data set. The 61 zippers and 525 non-zippers were randomly divided into two new sets of data, one of 61 sequences and one of 525 sequences. The TRESPASSER analysis was repeated on 10 different random divisions of the data. For these random divisions, the mean number of disfavored patterns that occurred once or not at all in the zipper data set was 652 with a standard deviation of 37. Thus, the correct division of the data gives a significantly higher number of disfavored patterns. However, there are clearly a number of these disfavored patterns that occur by chance and do not reflect any underlying physical meaning. and this would be unfavorable for at least two reasons. First, it would require the unfavorable exposure of these hydrophobic groups to solvent. Second, it could provide an alternative site for dimer formation, thereby leading to oligomerization or weakening, through competition, of the leucine-zipper core interactions.
The other most discriminating disfavored patterns are long range. It is difficult to discern the underlying physical basis of these patterns. They include patterns that would be expected to be very common in zippers such as L-X 24 -E and L-X 24 -K, as well as patterns that are expected to be highly disfavored purely on the basis on the frequency of occurrence of the individual amino acids, e.g. F-X13-G and F-X 13 -L. Some of the patterns would place hydrophobic residues on the outer face of the helix, which would interact unfavorably with solvent. The inset is a schematic of the helical wheel. The numbers (shown up to a gap size of 13) on the top of the the stacked bars correspond to the distance between the residues on the helical wheel (i.e. spatial distance), counting clockwise; a negative sign indicates that counting is counter-clockwise. The prime symbol indicates separation by one repeat The letters refer to the position in the heptad of the first residue in the pattern, and the bars are shaded differently for the different positions, a-g.
Discussion
Much is already known about the structurally important elements of leucine zippers, such as the importance of hydrophobic residues at positions a and d, favorable charge interactions between residues at positions e and g and the absence of residues that destabilize helices. However, we have demonstrated that this information, embodied in a linear fashion in the Lupas algorithm, is not sufficient to discriminate accurately between leucine zippers and false positives (the Lupas method correctly classifies 82% of zippers and 64% of non-zippers).
The analysis of two residue patterns as encoded in TRES- Nearest neighbors on the helical wheel Hydrophobic residues would be on outer face of the helix N usually favored in zippers, but not in these pairings Long-range patterns Hydrophobic residues would be on outer face of the helix N and R usually favored in zippers, but not in these pairings Difficult to rationalize
Very long-range patterns L favored at position a, but these long-range patterns not seen
Opposite sides of helical wheel Difficult to rationalize
The letters in italics refer to the positions of the heptad.
PASSER gives a significantly better performance (correct classification of 90% of zippers and 97% of non-zippers).
Obviously, the analysis presented here (and any database analysis) is dependent on the current database. As the number of known leucine zippers increases, the significance of the disfavored patterns identified by TRESPASSER will increase. This should bring further insight into the the leucine zipper sequence-structure relationship. While the predictive accuracy of TRESPASSER is already encouragingly high, the method should become increasingly useful and reliable as sequence databases grow. Furthermore, pair-based analysis, such as that used in TRESPASSER, should also be useful in the analysis of other sequence patterns.
